The primary and secondary pathways of carbohydrate metabolism were determined in a nonfermentative gram-negative ring-forming marine bacterium, Cyclobacterium marinus, by radiorespirometric studies. Whereas glucose is oxidized mainly via the Embden-Meyerhof pathway, gluconate is catabolized mainly via the Entner-Doudoroff pathway, both in conjunction with the tricarboxylic acid cycle as a secondary pathway and with some participation of the pentose phosphate pathway. The operation of these contributing catabolic pathways in this unique marine bacterium was substantiated by assaying the activities of the key enzymes specific to each pathway.
The primary and secondary pathways of carbohydrate metabolism were determined in a nonfermentative gram-negative ring-forming marine bacterium, Cyclobacterium marinus, by radiorespirometric studies. Whereas glucose is oxidized mainly via the Embden-Meyerhof pathway, gluconate is catabolized mainly via the Entner-Doudoroff pathway, both in conjunction with the tricarboxylic acid cycle as a secondary pathway and with some participation of the pentose phosphate pathway. The operation of these contributing catabolic pathways in this unique marine bacterium was substantiated by assaying the activities of the key enzymes specific to each pathway.
During the last two decades, many gramnegative bacteria with a unique ringlike morphology have been isolated, mostly from soil and water habitats, indicating their widespread existence in nature (20, 21) . Also, similar bacterial forms have been seen in an ocean environment on red algae and other marine life (22) . The only marine ring-forming bacterium isolated so far has been studied extensively (3, 19) C. marinus, being a marine microorganism, has a definite NaCl requirement for growth (19) . Also, being a chemoorganotroph, it grows in peptone seawater medium and more readily in modified Zobell (mZ) medium containing peptone, yeast extract, and seawater and utilizes, in the presence of NaCl, a variety of organic compounds, including the intermediates of the tricarboxylic acid (TCA) cycle as single carbon sources. Being a nonfermentative aerobe, it produces, oxidatively, acid but no gas from various mono-, di-, and trisaccharides and a few polysaccharides but not (16) . The labeled substrates were adjusted to prescribed specific activities before use. For radiorespirometry, the analytical procedures employed were those described previously (11, 18) . The respiratory recoveries of specifically labeled carbons of each substrate were thus used to calculate the concurrent contributions of the EmbdenMeyerhof (EM), the pentose phosphate (PP), and the Entner-Doudoroff (ED) pathways of carbohydrate catabolism by the following set of formulas (19) Preparation of cell-free extract. A culture of C. marinus was grown in 500 ml of mZ broth medium supplemented with 0.5% glucose or gluconate. Exponentially grown cells were harvested by centrifugation to obtain a heavy pinkish cell pellet. Following the procedure of Baumann and Baumann (1), the cells were washed three times with cold 50 mM Tris-hydrochloride buffer (pH 7.5), made in 50o artificial seawater (R. J. Marine Mix), by centrifugation at 25,000 x g for 10 min at 4°C and resuspended to 5 ml with cold 20 mM phosphate buffer (pH 7.0) containing 10 mM NaCl. The cell suspension (with an optical density at 580 nm of 0.20 to 0.40 when diluted 1:40 in the same buffer) was then sonicated to complete cell disruption with a Branson sonifier (model S-75), and cell debris were removed by centrifugation at 39,000 x g for 30 min at 4°C to obtain the characteristic translucent pinkish cell-free extract (2.0 to 5.0 mg of protein per ml), which was kept in an ice bath for enzyme assays (11).
Determination of enzyme activities. Various key enzymes were assayed (see Table 2 ) in the cell-free extracts of C. marinus at room temperature by measuring the rate of reduction of NADP+ or the oxidation of NADH on a Cary model 14 or a Beckman model 25 recording spectrophotometer at 340 nm (1, 2, 6, 9, 12, 13, 23). For assays other than NADH oxidase employing NADH, 3 ,umol of KCN was added to the reaction mixtures to prevent interference by NADH oxidase, as suggested by Peeters et al. (17) . Malate synthetase activity was monitored as a decrease in spectrophotometric absorbance at 232 nm due to the breakage of the thioester bond of acetyl coenzyme A in the presence of glyoxylate (7) . At least triplicate determinations were made on different days for each enzymatic assay with positive controls containing the respective substratebuffer mixture and the pure specific enzyme. All enzymes were obtained from Sigma Chemical Co., St. Louis, Mo. The values obtained within the experimental margin of reproducibility (±10%) were averaged and expressed as specific activity in nanomoles of substrate converted per minute per milligram of protein (4). Protein content of the cell-free extracts was determined by the method of Lowry et al. (14) .
RESULTS AND DISCUSSION Since C. marinus oxidizes various simpler carbohydrates (19) , it was found to readily utilize uniformly labeled carbons of fructose and glucose in seawater (mZ) growth medium, yielding 14CO2 recoveries of 40 to 43%. However, as a control, the cells grown in mZ medium made with distilled water instead of seawater gave 14C02 recoveries of only 4% from uniformly labeled glucose, possibly indicating metabolic dependence on NaCl. Radiorespirometric studies were conducted with specifically 14C-labeled substrates in seawater (mZ) growth medium (Table 1) to elucidate pathways of carbohydrate metabolism operating in this marine bacterium. Furthermore, enzymatic studies were carried out to assay the activities of key enzymes specific to each pathway in cell-free extracts of C. marinus grown separately in the presence of glucose and glucona-te.
Glucose catabolism. The radiorespirometric studies of glucose metabolism by C. marinus growing in a synthetic seawater medium (5) reported previously (19) indicated that 78% of the substrate administered was catabolized via the EM pathway, 17% via the ED pathway, and 5% via the PP pathway in conjunction with the TCA cycle. The operation of these three primary pathways and the TCA cycle is substantiated here by the presence of their respective key enzymes, as listed in Table 2 .
Gluconate catabolism. The radiorespirometric 14CO2 recoveries obtained due to the aerobic utilization of gluconate by C. marinus are shown in Table 1 . The preferential oxidation of gluconate carbons to 14CO2 yielded the following pattern: C-1 > C-4 > C-3 > C-6 > C-2. Since the recoveries of C-1 and C-4 were greater than that of any other carbon of gluconate, it seems obvious that the ED pathway is operative in this bacterium. However, one would expect catabolic equivalences, in terms of respiratory C02, between C-1 and C-4 and between C-3 and C-6 when a hexose is oxidized solely via the ED pathway. According to the results obtained, the greater recovery of C-1 than of any other carbon of gluconate would be possible via the PP pathway, and C-3 > C-2 would be expected via the EM pathway. It therefore seems that the ED, PP, and EM pathways are primarily responsible for gluconate catabolism. Thus, it was calculated that 75% of the administered gluconate could be oxidized via the ED pathway, 13% via the EM pathway, and 12% via the PP pathway. The slightly greater respiratory recovery of C-6 than of C-2, however, could possibly be via the PP pathway (11) due to the 6-phosphogluconate dehydrogenase reaction oxidizing 6-phosphogluconate formed from a hexose diphosphate with a carbon skeleton of C-6-C-5-C-4-C-4C-5-C-6; such a hexose diphosphate could result by the fructose diphosphate aldolase reaction from two C-4--C-5--C-6 trioses: 3-phosphoglyceraldehyde and dihydroxyacetone phosphate. Also, a 2,5-diketogluconate pathway (8) or some other unorthodox pathway (19) or both could account for the additional recovery of C-6 as 14CO2.
In support of the radiorespirometric data for gluconate oxidation, the presence of the respective key enzymes implicates the operation of (9) . g Assayed by the method of Cleland et al. (6) . h Assayed by the method of Yoshida (23).
'Assayed by the method of Dixon and Kornberg (7).
VOL. 153, 1983 on September 29, 2017 by guest http://jb.asm.org/ Downloaded from ED, PP, and EM pathways in conjunction with the TCA cycle in C. marinus (Table 2) . That gluconate seems to induce the ED pathway in this marine bacterium is shown by both the radiorespirometric and enzymatic data (Tables 1  and 2 ). The possibility of such an inductive system has been reported in various bacteria (1, 10, 11, 18) . TCA cycle as a secondary pathway. Aerobic utilization of acetate and pyruvate by C. marinus yielded the cumulative 14CO2 recovery patterns of C-1 > C-2 and C-1 > C-2 > C-3, respectively, expected via the TCA cycle ( Table  1 (Table 2) . Also, the activity of NADH oxidase provides evidence of an active electron transport system for the oxidative functions inherent in this secondary pathway. As expected of this oxidative cycle, both the dehydrogenases yielded quite high specific activities. However, 14 to 29o higher activities of malate dehydrogenase than of isocitrate dehydrogenase suggested the possible involvement of the glyoxylic acid cycle (15) . Thus, malate synthetase, a key enzyme of the glyoxylic acid cycle, was assayed but showed no activity in this marine bacterium whether grown on glucose or gluconate (Table 2) . Ceilular incorporation of substrate carbons. The lower respiratory recoveries of C-1 and C-6 than C-3 and C-4 of glucose, and of C-3 and C-6 than C-1 and C-4 of gluconate were compensated by their proportionately greater incorporation into the cells (Table 1 ). The significant cellular assimilations of such carbon atoms, which make methyl carbons of pyruvate formed from these substrates, indicate the anabolic role of the TCA cycle. Similarly, the greater cellular incorporations of C-3,4 of glutamate, C-3 of pyruvate, and C-2 of acetate than of any other carbon of these substrates are consistent with the greater conservation of the methyl carbons than the carboxyl carbons of these substrates for cellular biosynthesis expected via the TCA cycle (11, 20) .
Carbohydrate metabolism in similar bacteria. Radiorespirometric as well as enzymatic studies of other gram-negative aquatic bacteria with a characteristic ringlike morphology have shown that Microcyclus aquaticus 0rskov primarily oxidizes the bulk of glucose via the ED pathway in conjunction with the TCA cycle (11) . In contrast to M. aquaticus, Spirosoma linguali Raj (subjective synonym, M. flavus Raj 1970 ) is shown to catabolize glucose primarily via the EM pathway, with the TCA cycle as the secondary pathway; however, both catabolize most of gluconate primarily via the ED pathway (11) . None of the above bacteria, like C. marinus, showed activity of malate synthetase as a key enzyme for the operation of the glyoxylic acid cycle. Primary catabolism of carbohydrates via the EM pathway as a constitutive or semiconstitutive system and the ED pathway as an inducible system has also been reported in many other nonfermentative marine bacteria (1, 18) .
